Of all complex fluids, it is probably the rheology of polymers we understand best. In-depth insight into the entanglement and reptation [1, 2] of individual polymers allows us to predict for instance the shear-thinning rheology and the behaviour in virtually any flow situation of practical importance [3] . The situation is markedly different when we move from passive [4, 5] to active polymers where the coupling of filament activity, hydrodynamic interactions, and conformations open the way to a plethora of novel structural and dynamical features [6] [7] [8] [9] [10] . Here we experimentally study the rheology of long, slender and entangled living worms (Tubifex tubifex [11]) and propose this system as a new type of active polymer. Its level of activity can be controlled by changing the temperature or by adding small amounts of alcohol to make the worms temporarily inactive. We find that (i) shear thinning is reduced by activity, (ii) the characteristic shear rate for the onset of shear-thinning is given by the time scale of the activity, and (iii) the low shear viscosity as a function of concentration shows a very different scaling from that of regular polymers. Our study paves the way towards a new research field of 'living polymers'.
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Active systems consist of interacting agents that are able to extract energy from the environment to produce sustained motion. The local conversion of energy into mechanical work drives the system far from equilibrium, yielding new dynamics and phases [12, 13] . Understanding the non-equilibrium statistical mechanics of such active systems is a major challenge, both experimentally and theoretically. While theoretically, much progress has been made recently, the number of experimental systems is still very limited [6, [14] [15] [16] [17] [18] [19] [20] and often restricted to a relatively small number of simple entities such as driven colloidal particles [21] [22] [23] . We study here the collective rheological behaviour of a system that is active and in structure greatly resembles polymer solutions and melts, a system eminently adapted to a statistical mechanical description that typically forms the basis of polymer models. Tubifex worms [11] , also called sludge worms, represent a simple and affordable system to study active polymer rheology. The worms are readily available in large quantities: they are commonly used as food for aquarium fish, and available in most pet shops. They have a typical length between 10 and 30 mm and a typical width of 0.2-0.4 mm (Supplementary Information section I.1).
In order to compare our living worms with active polymers, we first turn to a well-known phenomenon in polymer flows, which is that of shear thinning. It is due to fact that the thermal fluctuations of polymer chains tend to randomize their conformation, while the flow tends to orient and stretch them. The higher the flow rate, the more oriented the polymers, and the smaller the flow resistance. Shear thinning can also be due to entangled polymer chains getting disentangled as a result of the flow, again resulting in increased orientation and hence a smaller flow resistance with increasing shear rate.
We qualitatively study the effect of activity on the shear thinning of the living polymers by performing rheology experiments in a custom-designed plate-plate geometry ( Fig. 1 , see Methods & Supplementary Information section I.2). A known mass of Tubifex is mixed with different amounts of (tap) water to adjust the polymer concentration, and put in a beaker with a rough bottom that fits on the rheometer. By inserting an equally rough top plate that just fits into the beaker, we create a plate-plate geometry in which the living polymers are confined and rheology experiments can be performed. The side of the beaker is transparent, allowing us visually confirm that the flows are homogeneous and there is no apparent wall slip (Supplementary Video 1). The setup as a whole is thermostated using Peltier elements, allowing us to control the polymer activity by changing the temperature T ( Fig. 2 ). An efficient way to suppress the activity of the worms is to add 5% alcohol to the water, which causes almost all of the activity to cease [24] . This is reversible: if the alcohol is rinsed away using tap water, the activity returns (Supplementary Video 2). In Fig. 1c we compare the rheology of a solution of active worms (C=0.2 g/mL, T =20 • C) to that of the same solution rendered inactive by adding 5% alcohol or lowering the temperature. We find that the shear-thinning behaviour is strongly attenuated by activity. The shear thinning power-law exponent changes from roughly 0 for the inactive solution to 0.3 due to activation of the living polymers. The increased activity also results in lowering of the zero-shear viscosity, effectively flattening the rheology curve.
To quantitatively understand these results, we first characterize the activity of the living polymers by inves-arXiv:1910.09612v1 [cond-mat.soft] 21 Oct 2019 tigating the dynamics of single worms. Similarly to what one would do for a normal polymer undergoing thermal fluctuations, we quantify the activity of a typical worm by determining the time scale of its shape fluctuations as a function of the level of activity. This is done by taking an image sequence of a single, isolated Tubifex worm at various temperatures T . Fig. 2a ,b shows six subsequent images of a typical worm's shape fluctuations in a quasitwo dimensional space (see Methods; Supplementary Information section I.3) for different levels of activity. We quantify the time-dependent variations in the polymer's end-to-end distance r e (t) as follows:
(1) Fig. 2a ,b shows typical traces of δr e (t) at high (T = 30 • C) and low activity (addition of alcohol). Next, we calculate the autocorrelation function:
The (microscopic) characteristic time of the fluctuations τ worm is then determined from the half-decay time of the autocorrelation function, as shown in Fig. 2c . We find, as expected, that decreasing the temperature or adding alcohol strongly decreases the activity as quantified by the characteristic time, which increases from 0.26 s at 30 • C to 2.20 s in the presence of alcohol.
We can now quantify the shear thinning for different activities. As shown in Fig 1, increasing the shear rate is observed to result in a constant-viscosity Newtonian plateau, followed by power-law type shear thinning. Similarly to usual polymer solutions or melts we therefore analyze these results using a classical polymer rheological model based on the Cross equation [25] :
where η s,0 is the characteristic zero-shear rate viscosity, τ rheo the average relaxation time (whose inverse corresponds roughly to the onset shear rate for shear thinning) and n the shear thinning exponent that describes the slope of η s /η s,0 in the high-shear-rate power-law region.
As for thermally activated systems, we find for our active system that τ rheo depends on the activity. As shown in Fig. 2d , there is a simple linear relation between the relaxation time obtained from rheology experiments ( Fig. 1 ) and the characteristic time of the microscopic conformational fluctuations of an individual worm (Fig. 2) ; the slower the microscopic dynamics of the worms, the larger the average relaxation time scale of the ensemble of worms. The observation that the macroscopic rheology times are significantly higher than the microscopic times is in agreement with findings for usual polymers: the onset of shear thinning in the rheology is usually assumed to probe the longest relaxation time in the system [26, 27] .
For shear thinning of regular polymers, the usual interpretation of shear thinning is that, for low shear rates, the flow is not fast enough to orient the polymer coils that randomize their orientation due to thermal fluctuations. When the shear rate exceeds the inverse of the characteristic time of these thermal fluctuations, the polymers become oriented and a shear-thinning behaviour is observed. Our worms do not exhibit thermal fluctuations but do perform randomizing fluctuations. The rheology suggests that, to first order, the living polymers behave similar to classical polymers, with the worms' activity having a similar orientational randomizing effect as thermal fluctuations.
To see how far the similarities with regular polymer extend, we also investigate the effect of the living polymer concentration on the shear viscosity for two levels of activity. At low activity (T = 0 • C, Fig. 3a ), the Cross model is sufficient to describe the flow curves for all concentrations (Inset Fig. 3a ). These results are at least qualitatively similar to what one would expect for regular (i.e., non-active) polymers: when the concentration increases, the zero-shear viscosity plateau becomes higher, the onset shear rate for shear thinning smaller and the shear-thinning more pronounced. When the solution is more active (T = 20 • C, Fig. 3b ), similar trends are observed, but at high shear rates deviations from the simple Cross model become apparent (Inset Fig. 3b ). It appears that, in this regime, the interaction between living polymers and the flow is more complicated than for regular polymers: the flow is more efficient at orienting living polymers than conventional ones.
We also observe anomalies in the zero-shear viscosity as a function of the living polymer concentration (Fig. 3c) .
For regular polymers, the scaling with concentration has been much discussed [28, 29] : simple models give a power-law dependence with an exponent around 3 for the increase of the zero-shear viscosity with concentration. Detailed experiments and more sophisticated theories give an exponent that is slightly higher than 3. Our experiments however reveal a much weaker dependence on concentration, with a power-law exponent around 1.5. In Fig. 3d we show that the zero-shear viscosity is also strongly influenced by polymer activity by comparing it to the characteristic time of an individual worm's fluctuations: the lower the activity, the higher the zero-shear viscosity. The data suggest a power-law relation between the zeroshear viscosity and τ worm , with an exponent of about 1.7.
Gompper, Winkler and collaborators [8] [9] [10] performed an analytical study of the shear thinning of active polymers for a polymer system consisting of active Brownian particles, meaning that each monomer has a random direction of self-propulsion. Interestingly, their model predicts the opposite of what is observed here, namely that increasing the polymers' activity increases the shear thinning. The discrepancy is likely because their analysis is based on the bead-spring model of connected active particles but may not apply to active worm-like chains. Models that consider the polymers to be tangentially driven [7, 30] appear to be more suitable to our specific system of living polymers. Indeed, some of the qualitative features described in [10] are very similar to the physical behaviour of our worms. For these models, the rheological implications have not been investigated yet. The similarities as well as differences we report between our system of actively driven polymer-like living worms and well-known polymer solutions that undergo thermal fluctuations invite further scrutiny, opening the new research field of 'living polymers'.
Methods

Rheology.
The measurements were carried out using a custom-designed plate-plate geometry adapted from a commercial Anton Paar MCR 302 rheometer. The top and bottom plates (radius R=25 mm) surfaces of the geometries have been patterned with pyramidal shapes (see Supplementary Figure 4 ) of 1 mm large and height (on the order of the diameter of the worms). In that way, the roughness of the top and bottom plates allows to efficiently suppress wall slip effects. The gap of the geometry h is set as the water top level is anchored on the half-height of the upper geometry (see Supplementary Information section I.2). The homogeneity of the flow can be checked during the measurement via the transparent glass window used as lateral container (See Supplementary Video 1) for the active polymerlike solution. The temperature control of the active polymer-like solution is assured by means of a Peltier cell (Anton Paar, P-PTD200/AIR-SN81010431) onto which our custom-designed metal bottom geometry fits, allowing for heat conduction. All shear measurements were carried out two times and on different batches of Tubifex worms to assure reproducibility, and show good agreement in all cases. The total time of the rheology measurement is nevertheless constrained to 2 minutes in water to avoid inhomogeneity of the active system that sets in at longer times: the active systems spontaneously aggregate for biological reasons [31] .
Image processing for active polymer-like dynamics. The characterization of the activity of the living polymer was investigated by looking at the dynamics of single worms in a quasi-two-dimensional thermo-controlled aquarium designed for this purpose (See Supplementary Information section I.3). The dynamics of the worms are recorded with a Nikon 5300 camera equipped with a macro-lens (Sigma 105 mm 1:2.8) at a frame rate of 50 frames per second. The detection and tracking in time of the end-to-end distance r e of the worms was assured using a home-made algorithm developed in Matlab. The end-to-end distance was extracted from the different processing stages [32] : thresholding the raw picture, skeletonization and detection of the two end-tips of the skeleton. The home-made algorithm allowed us to accurately record the end-to-end distance of the active polymer as a function of time (See Supplementary Information section I.3). From this information we further deduced the (microscopic) characteristic time of the fluctuation τ worm (see main text). 
